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Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows: °F = (1.8 × °C) + 32.
Datum
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83) and the North American Datum of 1927 (NAD 27).
Supplemental Information
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (µS/cm at 25 °C).
Concentrations of chemical constituents in water are given in milligrams per liter (mg/L). 
Abstract
The U.S. Geological Survey (USGS), in cooperation with the Texas Water Development Board and the Galveston Bay Estuary Program, collected streamflow and water-quality data at USGS streamflow-gaging stations in the lower Trinity River watershed from May 2014 to December 2015 to characterize and improve the current understanding of the quantity and quality of freshwater inflow entering Galveston Bay from the Trinity River. Continuous streamflow records at four USGS streamflow-gaging stations were compared to quantify differences in streamflow magnitude between upstream and downstream reaches of the lower Trinity River. Water-quality conditions were characterized from discrete nutrient and sedi ment samples collected over a range of hydrologic conditions at USGS streamflow-gaging station 08067252 Trinity River at Wallisville, Tex. (hereinafter referred to as the "Wallisville site"), approximately 4 river miles upstream from where the Trinity River enters Galveston Bay.
Based on streamflow records, annual mean outflow from Livingston Dam into the lower Trinity River was 2,240 cubic feet per second (ft 3 /s) in 2014 and 22,400 ft 3 /s in 2015, the second lowest and the highest, respectively, during the entire period of record . During this study, only about 54 percent of the total volume measured at upstream sites was accounted for at the Wallisville site as the Trinity River enters Galveston Bay. This difference in water volumes between upstream sites and the Wallisville site indicates that at high flows a large part of the volume released from Lake Livingston does not reach Galveston Bay through the main channel of the Trinity River. These findings indicate that water likely flows into wetlands and water bodies surrounding the main channel of the Trinity River before reaching the Wallisville site and is being stored or discharged through other channels that flow directly into Galveston Bay.
To characterize suspended-sediment concentrations and loads in Trinity River inflow to Galveston Bay, a regression model was developed to estimate suspended-sediment con centrations by using acoustic backscatter data as a surrogate.
The model yielded an adjusted coefficient of determination value of 0.92 and a root mean square error of 1.65 milligrams per liter (mg/L). The mean absolute percentage error between measured and estimated suspended-sediment concentration was 35 percent. During this study, estimated suspendedsediment concentrations ranged from 2 to 701 mg/L, with a mean of 97 mg/L. Suspended-sediment concentrations varied in response to changes in discharge, with peak suspendedsediment concentrations occurring 1 to 2 days before the peak discharge for each event. The total suspended-sediment load at the Wallisville site during May 2014-December 2015 was approximately 2,200,000 tons, with a minimum monthly suspended-sediment load of 100 tons in October 2014 and a maximum monthly load of 441,000 tons in November 2015.
Results from nutrient samples collected at the Wallisville site indicate that total nitrogen and total phosphorus concen trations fluctuated at a similar rate, with the highest nutrient concentrations occurring during periods of high flow corre sponding to releases from Lake Livingston. The mean concen trations of total nitrogen and total phosphorus were approxi mately 75 percent higher during high flow releases than during periods of low flow, overshadowing variations in nutrient concentrations caused by seasonality at the Wallisville site.
Results from the study indicate nutrient delivery to Galveston Bay from the main channel of the Trinity River is likely controlled primarily by high-flow releases from Lake Livingston. For most samples collected at the Wallisville site, organic nitrogen was the predominant form of nitrogen; however, when discharge increased because of releases from Lake Livingston, the percentage of organic nitrogen typically decreased and the percentage of nitrate increased. The concen trations of total phosphorus also increased during high-flow events, likely as a result of suspended sediment within Lake Livingston releases and mobilization of sediment particles in the river channel and flood plain during these periods of high flow. The predominant source of phosphorous to Galveston Bay from the Trinity River is in particulate form closely tied to suspended-sediment concentrations. The changes in nutrient concentration and composition caused by releases from Lake Livingston during this study indicate the reservoir may play an important role in the delivery of nutrients into Galveston Bay. Further study is required to better understand the processes in Lake Livingston influencing the characteristics of nutrient and sediment inflow to Galveston Bay. With phosphorous concentrations correlated to suspended-sediment concentra tions (coefficient of determination value of 0.75) and with the concentrations of nutrients changing as the discharge changes, the diversion of water and suspended sediment into surround ing wetlands and channels outside of the main channel of the Trinity River may play a large role in regulating nutrient inputs into Galveston Bay.
Introduction
Estuarine ecosystems such as Galveston Bay on the Texas Gulf Coast depend on freshwater inflows to maintain adequate levels of salinity, nutrients, and sediment to support healthy ecosystem function and diverse biological communities. The delivery of freshwater into estuaries may be affected by altera tions in the river course, including channelization and dam construction, resulting in changes in sedimentation patterns and biogeochemistry (Sklar and Browder, 1998) . In Texas, the quantity of water flowing to the bays and estuaries is often influenced by withdrawals, diversions, and retention. The volume and timing of freshwater inflow typically influence nutrient and sediment loading into estuaries, affecting ecosys tem communities (Sklar and Browder, 1998; Kimmerer, 2002) . During periods of reduced freshwater inflow or drought, pri mary production and the trophic structure in estuarine systems can be altered as a result of changes in salinity, nutrient load ing, or increased light penetration from reduced sediment input (Montagna and Kalke, 1992; Livingston and others, 1997) . Reduced sediment supply can also result in degradation and morphologic shifts in deltaic environments (Yang and Others, 2011) , particularly when coupled with erosion, sea level rise (Lester and Gonzalez, 2011) , and subsidence (Kennish, 2002) . Increased sediment and nutrient loading to estuaries can also have detrimental effects in coastal systems. Excess sediment supply to estuarine systems increases turbidity and reduces light penetration (Harding and others, 1986; Cloern, 1987) , limiting primary production. Nutrient enrichment in estuaries can cause an increase in the biomass of phytoplankton and algae, shifts in phytoplankton and animal species composition, and nuisance or toxic algal blooms (Smith and others, 1999; Kennish, 2002; Bricker and others, 2008) .
The delivery of nutrients to coastal ecosystems has varied historically on a global basis and depends on several physi cal and biogeochemical factors. Galloway and others (2004) estimated that global nitrogen riverine export to the coast increased by approximately 78 percent between 1860 and the early 1990s primarily as a result of anthropogenic influ ences. In 1995, the human-induced contribution to total river nitrogen export was estimated to be 37 percent, an increase of 11 percent since 1970 (Bouwman and others, 2005) . Nitrogen transported to streams from diffuse and point sources can be retained, transformed into other forms of nitrogen, or removed through physical and biogeochemical processes, such as assimilative uptake of nitrogen and denitrification of nitrate, before reaching the coastal environment (Alexander and oth ers, 2000; Hamilton and others, 2001; Peterson and others, 2001 ). Seitzinger and others (2005) estimated that approxi mately 38 percent and 41 percent of the total nitrogen trans ported to coastal ecosystems from riverine systems in North America are in the forms of dissolved inorganic nitrogen and dissolved organic nitrogen, respectively. The sources of dis solved inorganic nitrogen are mostly anthropogenic nonpoint sources (fertilizers, agricultural fixation, and manure), whereas sources of dissolved organic nitrogen are predominantly natu ral. Seitzinger and others (2005) also estimated that approxi mately 82 percent of phosphorus delivered to estuaries from riverine systems in North America occurs in particulate form. Phosphorus has a strong affinity to sediment particulates; therefore, a large amount of the phosphorus load transported in riverine systems is attached to soil particles delivered in surface runoff (Mainstone and Parr, 2002) . As a result, phos phorus transport is highest during rainfall events that produce runoff and during periods of high river discharge, when deposition and resuspension of sediment particles from the streambed result in transfer of phosphorus between the water column and the streambed. Other processes, such as adsorp tion and desorption reactions, are also important mechanisms that influence the concentrations of dissolved and particulate phosphorus in the water column (Sharpley and others, 1981; House, 2003) and phosphorus export to bays and estuaries.
As the largest and most biologically productive estuary in Texas, Galveston Bay is an important resource with a number of environmental challenges, many of which pertain directly or indirectly to the inflows from the heavily populated Trinity River watershed (Galveston Bay Estuary Program, 2016) . The ability to accurately estimate the loads of sediment and nutri ents entering Galveston Bay from the Trinity River watershed depends on accurate estimates of freshwater inflows and the concentrations of suspended sediment and nutrients associated with those inflows. Population and water demand are projected to continue to increase rapidly in the Trinity River watershed (Texas Water Development Board, 2016), underscoring the need for accurate streamflow, nutrient, and sediment load data. Available data on sediment and nutrient loads in the lower reaches of the Trinity River are scant, and the majority of water-quality samples have been collected in reaches of the river located 30 to 75 river miles upstream from where the river empties into Galveston Bay. To obtain better estimates of the nutrients and sediment entering Galveston Bay from the Trinity River, the U.S. Geological Survey (USGS), in coopera tion with the Texas Water Development Board and the Galveston Bay Estuary Program, collected water-quality samples during May 2014-December 2015 at USGS streamflow-gaging sta tion 08067252 Trinity River at Wallisville, Tex. (hereinafter referred to as the "Wallisville site"), approximately 4 miles Introduction upstream from Galveston Bay. Backscatter data from an Acoustic Doppler velocity meter (ADVM) were also collected and used in a regression model as a surrogate for suspendedsediment concentrations. Surrogate regressions provide an opportunity to obtain data of increased temporal resolution, allowing more accurate estimates of suspended-sediment concentrations and loads compared to discrete water-quality samples.
Purpose and Scope
This report documents and characterizes freshwater streamflow volume, nutrient concentrations, and sediment concentrations and loads entering Galveston Bay through the main channel of the Trinity River watershed during May 2014-December 2015. Continuous streamflow records from four USGS streamflow-gaging stations are compared to assess changes in streamflow magnitude and to quantify discrepan cies in streamflow between upstream and downstream reaches of the Trinity River separated by Lake Livingston. Water quality is characterized from discrete nutrient and sediment samples collected at the Wallisville site over a range of hydrologic conditions. Techniques used to collect and analyze these samples are documented. This report also describes a regression model developed to estimate suspended-sediment concentrations and loads from discharge and acoustic surro gate data in the lower reaches of the Trinity River and presents a continuous record of suspended-sediment concentrations and loads for the Wallisville site. This report helps address the need for discharge and water-quality data in the lower reaches of the Trinity River to improve the understanding of the vol ume and quality of freshwater inflow to Galveston Bay.
Description of the Study Area
Galveston Bay covers approximately 600 square miles (mi 2 ) and is the largest estuary in Texas (Lester and Gonzalez, 2011) . Freshwater inflows into Galveston Bay originate from the Trinity and San Jacinto Rivers and smaller bayous and creeks. Estimates show that the Trinity River is the major source of inflow into Galveston Bay, contributing more than half of the total freshwater inflow (Lester and Gonzalez, 2011) . The watershed of the Trinity River covers approximately 18,000 mi 2 and is the largest watershed entirely in Texas. From its headwaters near Dallas, Tex., the Trinity River flows approximately 715 miles before emptying into Galveston Bay (Trinity River Authority of Texas, 2012) . The watershed of the Trinity River is typically divided into upper and lower parts delineated by Lake Livingston ( fig. 1 ). Upstream from Lake Livingston, the Trinity River is hereinafter referred to as "upper Trinity River;" downstream from Lake Livingston, the Trinity River is hereinafter referred to as the "lower Trinity River." The flows in the lower Trinity River are regulated by continuous releases from Lake Livingston. During low-flow conditions in the extreme lowermost part of the Trinity River near Galveston Bay, tides control daily flow patterns (Texas Parks and Wildlife Department, 1974 Because of a lack of streamflow data in the lower reaches of the Trinity River before 2014, most estimates of freshwater inflow made prior to 2014 (Lee and others, 2001; Powell and others, 2002) relied upon data collected at the Romayor site ( fig. 1, table 1 ). Discharge measurements made in the lower reaches of the Trinity River during high-flow events in 2009 and 2010 indicated discrepancies in discharge between the Romayor site and the lower reaches of the Trinity River (Lee, 2010) . It is possible that the streamflow data from the Romayor site may not accurately represent the inflow from the main channel of the Trinity River to Galveston Bay. In 2014, the USGS installed an index-velocity gage in the lower reaches of the Trinity River at the Wallisville site to better esti mate the inflow from the Trinity River into Galveston Bay and improve the understanding of streamflow patterns in the lower Trinity River watershed.
The lower Trinity River drains a low gradient watershed with land cover characterized by woody wetlands (29 percent), pasture (17 percent), and evergreen forest (13 percent) (Homer and others, 2015) . South of the Liberty site, a system of wetlands and lakes are hydrologically connected to the main channel of the Trinity River ( fig. 2 ). Old River Lake and Lost Lake form the nexus of a system of wetlands and lakes referred to in this report as the "Old River system." The Old River system diverges from the main Trinity River channel downstream from the Liberty site and upstream from Inter state 10 and rejoins the main channel of the Trinity River approximately 3 miles upstream from where the Trinity River empties into Galveston Bay. The two main types of wetlands connecting the main Trinity River channel with the Old River system upstream from Interstate 10 are classified as freshwater emergent and freshwater forested/shrub that are seasonally or temporarily flooded conditional to tides and streamflow (U.S. Fish and Wildlife Service, 2016) . Near the Wallisville site, as the Trinity River empties into Galveston Bay, the wetlands form a delta consisting of estuarine intertidal and marine wet lands. The Old River system is also hydrologically connected to these estuarine and marine wetlands in the delta adjacent to Galveston Bay.
Characterization of Streamflow, Suspended Sediment, and Nutrients Entering Galveston Bay from the Trinity River 
Previous Studies
In 2009, the U.S. Geological Survey, in cooperation with the Texas Water Development Board, began evaluating the variability of sediment and nutrient characteristics in the lower reaches of the Trinity River during a variety of hydrologic conditions. High-flow events were evaluated to demonstrate the variability of sediment and nutrient characteristics caused by differences in flood-discharge magnitude and duration. During high-flow events, discharge was measured at the Wallisville site; however, maximum measured discharge was approximately 35 to 50 percent lower than the discharge com puted at upstream streamflow-gaging stations (Lee, 2010) . The overall decrease in flow observed at the Wallisville site com pared to the flow at upstream streamflow-gaging stations could possibly be attributed to the distribution of water into the wet lands surrounding the river as water levels in high-flow events overtopped the banks of the main channel of the lower Trinity River. Two scenarios could have occurred: (1) water was temporarily stored in wetlands and gradually released to the main channel of the Trinity River when flows were receding or (2) water was directly discharged into Galveston Bay through channels in the delta. If scenario 1 occurred, a continuous record of discharge would show longer periods of high flow in the lower reaches of the Trinity River and a total water volume similar to the volume observed in upstream streamflow-gaging stations. If scenario 2 occurred, a hydrograph would follow a streamflow pattern similar to those observed at upstream streamflow-gaging stations, but discharge and total volume would be of lower magnitude. Each scenario would have potentially different resulting loads of sediment and nutrients ultimately reaching the Galveston Bay ecosystem. Because of these findings, an index-velocity gage was installed in 2014 at the Wallisville site to examine the hydrodynamics in the extreme low reaches of the Trinity River.
Methods
Discharge, stage, and water-velocity data at the Goodrich, Romayor, Liberty, and Wallisville sites were collected according to USGS methods described by Rantz and others (1982a, b) , Sauer and Turnipseed (2010) , Levesque and Oberg (2012) , and Mueller and others (2013) . Discharge at the Goodrich, Romayor, and Liberty gages was computed using stage-discharge rating techniques (Rantz and others, 1982a, b; Sauer and Turnipseed, 2010) . At the Wallisville site, discharge was computed by using index-velocity rating techniques (Levesque and Oberg, 2012) . The index-velocity method allows the computation of discharge at streamflow-gaging stations where a rating cannot be solely based on stage, such as the tidally affected flows at the Wallisville site. Discrete streamflow measurements were made at the Wallisville site with an acoustic Doppler current profiler according to methods described by Mueller and others (2013) during each visit prior to the collection of water-quality and sediment samples.
During May 2014-December 2015, 34 discrete waterquality samples were collected over a range of hydrologic conditions at the Wallisville site. Samples were analyzed for suspended-sediment concentration, total nitrogen, nitrate plus nitrite, nitrite, ammonia, total phosphorus, and ortho phosphate; a sand-fine separation was done to determine the amounts of sand-sized suspended sediment (greater than 0.0625 and less than or equal to 2 millimeters [mm]) and finesized suspended sediment (less than or equal to 0.0625 mm) (Guy, 1969) .
Water-quality samples for the analysis of total nitrogen, nitrate plus nitrite, nitrite, ammonia, total phosphorus, and orthophosphate were collected at the Wallisville site in accor dance with guidelines described in the USGS National Field Manual (U.S. Geological Survey, variously dated). Suspendedsediment samples were collected in accordance with USGS methods described in Edwards and Glysson (1999) . During the collection of water-quality and sediment samples, a multipa rameter water-quality sonde was used in the field to measure dissolved oxygen concentration, pH, specific conductance, water temperature, and turbidity.
Water-quality and suspended-sediment samples were collected from a boat by either the equal discharge increment (EDI) or the multiple grab sample method (Edwards and Glys son 1999 ; U.S. Geological Survey, variously dated). When measured mean water velocity exceeded 1.5 feet per second (ft/s), EDI samples were collected using a cable-suspended 
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Old River Lake US DH-2 sampler after dividing a cross section into five sec tions, each representing equal volumes of stream discharge. The EDI method allows the collection of an isokinetic depthintegrated sample that represents the discharge-weighted con centrations of the stream cross section being sampled. When measured mean water velocity was less than 1.5 ft/s, noniso kinetic grab samples were collected at the center of five equal width sections using a weighted bottle sampler (U.S. Geologi cal Survey, variously dated). Of the 34 collected samples, 16 were collected with the EDI method.
Water-quality and suspended-sediment samples for each vertical were composited in a polyethylene churn splitter and subsamples for unfiltered constituents were transferred into sample bottles while mixing at a constant rate. The use of a churn splitter can potentially bias suspended-sediment concentration because sand-sized particles (greater than or equal to 0.625 mm and smaller than 2.0 mm) may not remain uniformly suspended in the churn while obtaining the sample aliquot (Capel and Larson, 1995; Horowitz and others, 1997) . However, the accuracy is considered to be acceptable when the churn is used to split samples with particle sizes smaller than 0.250 mm and suspended-sediment concentration less than 1,000 mg/L (U.S. Geological Survey, variously dated). This potential bias was not expected to substantially influence suspended-sediment concentration results during this study because data from previous samples collected at the Wal lisville site indicate fine particles (smaller than 0.0625 mm) typically dominate the distribution of suspended-sediment size classes and because during high-flow events, suspendedsediment particles are usually fine sand particles (less than 0.250 mm) or smaller. Water-quality samples for dissolved nutrients analysis were filtered using a 0.45-micron (μm) pore size capsule filter and decanted into sample bottles.
Analytical Methods
Samples for suspended-sediment concentration, sand-fine separation analysis, and full particle-size distribution analysis were shipped to the USGS Kentucky Water Science Center Sediment Laboratory in Louisville, Kentucky. Methods for sediment sample analyses are documented in Guy (1969) . Samples for nutrient analysis were preserved, chilled, and shipped overnight to the National Water Quality Laboratory in Lakewood, Colorado, for analysis. Methods for nutrient analy sis are documented in Fishman (1993) , U.S. Environmental Protection Agency (1993), and Kryskalla (2003, 2011) . Samples were analyzed for nutrients by using approved methods; the analysis method and method detection limit for each constituent are provided in table 2. Water-quality data are stored in the National Water Information System (NWIS) database (U.S. Geological Survey, 2016) in accordance with USGS protocols.
Experiments at the USGS National Water Quality Laboratory in 2007 and 2009-10 indicate that the alkaline-persulfate digestion of whole water samples resulted in a potential nega tive bias in total nitrogen concentrations in the presence of suspended sediment (Rus and others, 2013) . This negative bias may be site specific and varies in magnitude, depending on the origin and concentration of suspended sediment. At the time of this report (2016), the magnitude of potential bias is unknown at the Wallisville site, and the total nitrogen data from this study are reported as the minimum concentration of this constituent in each sample.
Quality Control
To evaluate the variability of sample processing and analysis in water-quality constituents, data from field replicate samples collected at the Wallisville site from 2009 to 2015 were used. The dataset consists of 17 split replicates, which are prepared from a single sample that is collected and then subdivided into two samples. Quality-control data collected outside of the study period can be used to increase the size of the dataset and improve the understanding of variability in the environmental data as long as the samples can be considered to be in same inference space (Mueller and others, 2015) . It was determined that replicate samples collected at the Wal lisville site prior to this study share the same inference space (Lorenzen and Anderson, 1993) as the samples collected during the study because they represent similar conditions in terms of potential variability. This assumption was based on (1) consistent sampling methods and equipment were used for the collection of all samples, (2) hydrologic conditions and concentrations in the quality-control dataset are representa tive of those observed during the study period, (3) analytical methods for most constituents did not change throughout the sampling period, and (4) sample collection and processing were conducted at the same location.
For nitrate plus nitrite, 4 out of the 17 replicate samples were used in the analysis because of a change in the analyti cal method in 2011, and because some results were less than the method detection limit, the "minimum concentration of a substance that can be measured and reported with 99 percent confidence that the analyte concentration is greater than zero" (Childress and others, 1999, p. 19) . For the rest of the constituents, replicate samples were only used in the analysis when results were greater than or equal to the method reporting limit. Guy (1969) To determine variability in environmental samples, the relative percent difference (RPD) was calculated between each pair of duplicate analyses by the following equation
where C 1 is the constituent concentration in the environmental sample, and C 2 is the constituent concentration in the split replicate sample.
The mean RPD of replicate concentrations was less than 9 percent for all analytes. This estimate, although low, is also conservative, because high RPD values from low concentra tion samples with a small absolute difference were used in the analysis. Overall, these replicate samples indicate low vari ability in nutrient and sediment analyses.
Equipment blanks were collected prior to the study period to determine potential contamination introduced to samples by personnel, sampling equipment, and shipping. The blanks were collected as part of the water-quality monitoring effort at the Wallisville site by using the same equipment that was used to collect environmental samples. Because analytical results for equipment blanks did not indicate that contamination affected environmental data, no additional equipment blanks were collected during the period of this study.
Suspended-Sediment Acoustic Surrogate Methods
Although Acoustic Doppler velocity meters are primar ily used to measure water velocity, the acoustic backscatter measured by ADVMs makes them useful for computing suspended-sediment concentrations in streams. Acoustic backscatter increases as more particles are suspended in the water, reflecting the acoustic pulse emitted by the ADVM (Wood and Teasdale, 2013; Landers and others, 2016; Topping and Wright, 2016) . Regression equations that contain acoustic backscatter, turbidity, or streamflow can be used to compute suspended-sediment concentrations at a high tem poral resolution (typically every 15 minutes), providing an advantage over discrete suspended-sediment concentration samples. For example, during high-flow events, the concen trations of suspended-sediment can vary considerably within a short time. This temporal variability with discrete samples is difficult to capture because there are typically long gaps between sample collection and analysis. Discrete samples also provide information only for the time in which the sample was collected, resulting in interpolation between sampling points that may not accurately characterize variability in suspendedsediment concentrations.
Instrument Configuration
The data from an index-velocity gage installed at the Wallisville site, in accordance with USGS guidelines for streamflow and acoustic sediment surrogate data collec tion (Levesque and Oberg, 2012, Landers and , were used to develop an acoustic surrogate for suspendedsediment concentration. The index-velocity gage consists of a 1.5-megahertz (MHz) SonTek Argonaut-SL (Side-Looker) ADVM (Xylem Analytics, 2016) bolted to a 2-inch diameter pipe ( fig. 3) . The pipe, which can be lowered and raised as needed to access the ADVM, is mounted vertically on the right bank with the ADVM at a fixed position perpendicular to flow. Power is provided by a marine battery charged by a 30-watt solar panel installed above a gage house. The data are recorded every 15 minutes by a Sutron SatLink2-V2 Data Collection Platform and then transmitted every hour by antenna to the Geostationary Operational Environmental Satellite system, which transmits the data to a downlink at the USGS office for display on the Web and storage in the USGS NWIS database.
The Acoustic Doppler velocity meter is configured to measure velocity and acoustic backscatter as signal-to-noise ratio in five cells of equal size throughout a sample volume that extends from 10 to 60 feet (ft) from the instrument (15-20 percent of channel width). The range of the horizontal sample volume was determined after evaluating the acoustic data for interfer ences and obstructions along the beam path. This configuration was verified before each water-quality sample was collected to ensure no changes occurred in the sample volume that could affect acoustic backscatter data between site visits. Additional instrument setup details are included (app. 1).
Throughout the duration of the study, two averaging intervals were used to collect backscatter data during sample collection for model calibration. During May 16, 2014-January 15, 2015, acoustic backscatter measurements for the surrogate model calibration dataset were averaged over 10 minutes and reported every 15 minutes. Because discharge measurements for developing the index-velocity rating to estimate streamflow were being made concurrently with the collection of suspended-sediment concentration samples, for calibration samples collected during January 16, 2015-December 31, 2015, acoustic backscatter measurements were averaged and recorded every 60 seconds as recommended by index-velocity rating guidelines (Levesque and Oberg, 2012) .
Acoustic Surrogate Model Development and Evaluation
Prior to using acoustic backscatter measurements as input in a surrogate regression model, the raw measured acoustic backscatter data for each cell in the sample volume requires corrections for beam spreading and for acoustic attenuation as the sound signal is transmitted through the water and sediment (Landers and others, 2016) . Raw measured acoustic backscatter (as signal-to-noise-ratio) for each cell was cor rected and averaged by using methods described in Landers and others (2016) . Data corrections produce a mean sediment corrected backscatter (SCB ) value, which is determined for each measurement in the dataset. The Surrogate Analysis and Index Developer (SAID) tool (Domanski and others, 2015) , an application written for the evaluation of acoustic surrogates and the development of a suspended-sediment concentration rating based on acoustic backscatter data, was used to perform these corrections. A sediment acoustic surrogate linear regression model was developed with suspended-sediment concentration data from discrete samples collected at the Wallisville site and continuous streamflow and corrected acoustic backscatter data recorded at the index-velocity gage. Thirty-one observa tions were used to calibrate the surrogate model. Although 35 suspended-sediment samples were collected, 2 were removed from the dataset because of data gaps in the acoustic backscat ter time series, and 2 were removed because of potential issues with data quality indicated by outlier tests and further evalu ation of field measurements. The calibration data, including removed data points, are provided (app. 1).
The SAID tool was used to match discrete sus pended-sediment concentration samples with a concurrent measurement and develop an ordinary least squares regression model to predict suspended-sediment concentration from the resulting calibration dataset. Suspended-sediment concentra tion data were log transformed to improve distribution prior to being included in a regression model. The use of a log transformation introduces a bias when retransforming data to its original units. This bias was corrected with the nonparamet ric bias correction factor (BCF) introduced by Duan (1983) . The equation to compute the BCF for log transformations is as follows:
n where n is the number of samples, and e i is the residual, in log units.
Regression-estimated suspended-sediment concentrations were retransformed and then corrected for bias by multiplying concentrations by the BCF. The adjusted coefficient of determination (R variance inflation factor (VIF), Cook's distance (Cook's D), and the difference in fit statistic (DFFITS) are some of the statistical measures used to evaluate the regression models in this report (Belsley and others, 1980; Mayer and Butler, 1993; Helsel and Hirsch, 2002) . The coefficient of determina tion (R 2 ) is a value from 0 to 1 that describes the variability in the response explained by the regression model (Helsel and Hirsch, 2002) . In multiple linear regression, R 2 will increase as additional explanatory variables are added to the model; thus adjusted R 2 (R 2 a ) was determined because this measure compensates for the number of explanatory variables and allows the comparison of models that have different numbers of explanatory variables. The RMSE of the regression is a measure of the variance between regression-computed and measured values (Chai and Draxler, 2014) . The RMSE is expressed in the same units as the response variable, which in this case is milligrams per liter once retransformed from Also, as another measure to assess the differences log 10. between regression-computed and measured suspendedsediment concentration, the mean absolute percent error (MAPE) (Mayer and Butler, 1993) was determined using the following equation:
where n is the number of samples, SSC Mi is the measured suspended-sediment concentration, and, SSC Ei is the regression-computed suspendedsediment concentration.
Models with more than one predictive variable were evaluated for multicollinearity to determine if the predictive variables showed any correlation between each other, because this can result in undesirable consequences when making inferences about the model (Helsel and Hirsch, 2002) . The variance inflation factor (VIF) was used to measure multicol linearity. An ideal VIF is close to 1, whereas a VIF larger than 10 indicates multicollinearity between variables and that either variable would explain about the same amount of variability (Helsel and Hirsch, 2002 ). Cook's D and DFFITS measure the influence of individual observations on the regression equa tion; compared to other observations that plot more closely to the regression line, those with high leverage, which are large outliers, exert a stronger influence on the position of the regression line (Helsel and Hirsch, 2002, p. 248) . To verify if the selected model met assumptions of constant variance and normality of residuals, residuals were plotted against estimated suspended-sediment concentration to determine any issues of nonconstant variance and on a normal-probability plot to evaluate normality of residuals (Helsel and Hirsch, 2002) .
Streamflow Characterization in the Lower Trinity River Watershed
Streamflow measured at the Goodrich site corresponds to outflow from Lake Livingston into the Trinity River. Annual daily mean discharge (annual mean discharge) has been determined for each calendar year since the Goodrich site was installed. The annual mean discharge at the Goodrich site has varied during the 50-year period of record since the start of data collection in 1966; the long-term annual discharge for the 50-year period of record is 7,960 ft 3 /s (fig. 4) . The minimum annual mean discharge for the period of record is 1,710 ft 3 /s in 2011, followed by 2,240 ft 3 /s in 2014. The maximum annual mean discharge is 22,400 ft 3 /s in 2015. This study from May 2014 through December 2015 incorporates hydrologic data from periods of extreme low and high streamflow on the lower Trinity River. The dataset for this study includes observations from 2014 and 2015, the year with the second lowest annual discharge and the year with the maximum annual mean discharge, respectively. The large variation in annual mean discharge during the study was caused by below average precipitation in calendar year 2014 followed by above average annual precipitation in the upper Trinity River watershed in calendar year 2015 (National Oceanic and Atmospheric Administration National Centers for Environmental Information, 2016) resulting in the release of a large volume of water from Lake Livingston for extended periods. The water volume measured at the Goodrich site in 2015 accounted for 95 percent of the total volume measured at this site during the study period.
The streamflow patterns from May 2014 through Decem ber 2015 at the Goodrich, Romayor, and Liberty sites were similar ( fig. 5 ). Daily mean discharge ranged from 984 to 72,400 ft 3 /s at the Goodrich site and from 945 to 71,800 ft 3 /s at the Romayor site. Minimum discharge at the Liberty site could not be determined as the station only computes discharge greater than 10,000 ft 3 /s, when tides do not affect streamflow computations. The maximum discharge at the Liberty site was 76,200 ft 3 /s, an increase likely attributed to local overland runoff in the lower reaches of the river. However, the distance between Lake Livingston to Galveston Bay is relatively short (100 river miles), so increases in discharge in the lower Trinity River as a result of overland runoff are minor when compared to the volume of water released from Lake Livingston. The peak discharge at the Liberty site in March and May 2015 was approximately 5,000 ft 3 /s higher than at the Goodrich and Romayor sites ( fig. 5 ), indicating that only 5-10 percent of the total discharge may be a result of overland runoff.
At volume was measured at the Wallisville site. For example, the peak discharge at the Liberty site during the high-flow event in December 2015 was 67,400 ft 3 /s, whereas at the Wallisville site peak discharge was 24,440 ft 3 /s, accounting for only 36 percent of the streamflow measured upstream. The peak discharge at each site for seven high-flow events during the study period in which streamflow exceeded 14,000 ft 3 /s and the percentage of the peak discharge measured at the Wallisville site as compared to the Liberty site, the closest upstream USGS streamflow-gaging station, are shown in table 3. The percentage of the peak discharge measured at the Wallisville site ranged from about 28 to 82 percent and decreased with event magnitude.
Differences between upstream stations and the Wallisville site were also observed in total volume computations for the study period. A total of 17,200,000 acre-feet (acre-ft) of water were measured at the Goodrich site, 17,700,000 acre-ft at the Romayor site, 15,400,000 acre-ft at the Liberty site, and 9,270,000 acre-ft at the Wallisville site. The water volume at the Liberty site is likely underestimated because of missing data from periods in which discharge was less than 10,000 ft 3 /s and not reported (approximately 38 percent of the study period); however, because the majority of the water volume is transported during events exceeding this discharge, periods of missing data did not account for a large part of the total water volume.
Only about 54 percent of the total water volume released from Lake Livingston during May 2014-December 2015 (as measured at the Goodrich site) was accounted for at the Wallisville site. This difference in water volumes between upstream sites and the Wallisville site indicates that, at high flows, a large percentage of the volume released from Lake Livingston does not reach Galveston Bay through the main channel of the Trinity River. In addition, discharge at the Wallisville site increased and decreased at the same rate as upstream stations but at a lower magnitude; the main channel of the Trinity River at the Wallisville site only accommodated discharges of as much as approximately 24,000 ft 3 /s, even when discharges at upstream sites were approximately 2 to 4 times higher. These findings indicate that water likely flows into wetlands and water bodies surrounding the main channel of the Trinity River before reaching the Wallisville site and is being stored or discharged through other channels that flow directly into Galveston Bay.
Suspended-Sediment Concentrations and Loads
Suspended-sediment samples were collected at the Wallisville site at streamflow ranging from 238 to 22,700 ft 3 /s, accounting for approximately 72 percent of the range in streamflow for the period of record (May 2014 -December 2015 . A discharge-duration curve was prepared indicating the streamflow at which each sample was collected ( fig. 6 ). This duration curve was developed using data collected during the 20-month period in which the streamflow-gaging station at the Wallisville site had been operating, the same period of this study. Because there were extended periods of both extreme low and high streamflow and a relatively short period of record for the Wallisville site, this duration curve may not be representative of long-term probability of exceedance; how ever, it is expected to be representative of the observed range of flows. Discharge, in cubic feet per second Suspended-sediment concentrations measured in samples collected during May 2014-December 2015 ranged from 5 to 453 mg/L, with a median of 65 mg/L. Sand-fine separation analysis was done for 27 samples. In those samples, fine-sized suspended sediment represented 37 to 100 percent of all suspended-sediment particles, with the median composition consisting of 85.5 percent fine-sized particles and 14.5 percent sand-sized particles. The percentage of fine-sized particles decreased as discharged increased, indicating higher transport of sand-size particles at high flows ( fig. 7) .
A full particle-size distribution analysis was done for six samples collected between April 3, 2015, and June 10, 2015, mostly during high-flow events. In a suspended-sediment full particle-size distribution analysis, the percentages of material of each sediment size class (typically sand, silt, and clay) are determined (Guy, 1969) . For the six samples analyzed for fullsize distribution during this study, the percentage of material smaller than 0.0625, 0.125, 0.250, and 0.500 mm was deter mined. In these samples, all sediment particles were smaller than medium sand particles (0.500 mm). In addition, the per centage of sediment particles smaller than fine sand (smaller than 0.250 mm) ranged from 96 to 100 percent (table 4), indi cating that the majority of the suspended-sediment particles were silts, clays, and very fine and fine sand particles. 
Suspended-Sediment Acoustic Surrogate Model Results
Simple and multiple linear regression models were evalu ated to find the best predictor of suspended-sediment concen tration. Discharge and SCB were used as predictive variables to develop different regression equations with the objective of identifying the regression equation that was the best predictor of suspended-sediment concentration. A log transformed regression model based on the combination of discharge and SCB showed the best relation to suspended-sediment concentration. The resultant suspended-sediment concentration equation for the selected model, after transformation to its original units, is: 
where SSC is the suspended-sediment concentration, in milligrams per liter; SCB is the mean sediment corrected backscatter (signal-to-noise ratio corrected for water and sediment attenuation); Q is discharge, in cubic feet per second; and 1.09 is Duan's bias correction factor (Duan, 1983) .
The model in equation 4 was determined to be the best predictor of suspended-sediment concentration based on regression evaluation statistical measures. The model yielded an R 2 a of 0.92 and a RMSE of 1.65 mg/L; the VIF for discharge and SCB is 2.41, indicating little collinearity between variables (table 5). Residual and probability plots ( fig. 8) indicate that the selected model resulted in residuals that met regression model assumptions of normality and con stant variance. A model summary (app. 1) documenting cali bration data and additional information on evaluation statistics of the acoustic surrogate model was created and reviewed as recommended by Landers and others (2016) .
The relation between regression-estimated suspendedsediment concentrations and measured suspended-sediment concentrations is depicted on figure 9 . The MAPE between estimated and measured suspended-sediment concentration was 35 percent. At suspended-sediment concentrations less than 350 mg/L, the regression model generally overestimates suspended-sediment concentration. At suspended-sediment concentrations higher than 350 mg/L, the regression model underestimates suspended-sediment concentration by an aver age of 48 percent. These patterns were also observed when evaluating other explanatory variables to estimate suspendedsediment concentrations; hence, the use of other explanatory variables was not a solution. A possible explanation for the underestimation at higher concentrations relates to the distri bution of suspended sediment in the cross section at higher flows, when high suspended-sediment concentrations are typically observed. Backscatter contour plots from Acoustic Doppler current profiler (ADCP) measurements [mg/L, milligrams per liter]
Model evaluation statistics

Number of observations 31
Root mean suqare error (mg/L) 1.65
Adjusted coefficient of determination (R ( fig. 10 ) are shown to demonstrate the typical distribu tion of acoustic backscatter along the sampled cross section at various flow conditions. The backscatter profile is not homo geneous during high flows of more than approximately 6,000 ft 3 /s, and the highest acoustic backscatter values typically are observed near the left bank and closer to the riverbed. In the example shown ( fig. 10B ), the highest backscatter values are measured approximately 200-260 ft from the ADVM, whereas the sample volume measured by the ADVM only extends approximately 60 ft. During high flows of approximately 6,000 ft 3 /s or larger, suspended-sediment concentrations are estimated from acoustic backscatter data that are not repre sentative of the entire cross section area. In order to represent the entire cross section area during these types of high-flow conditions, a lower frequency ADVM would have to be used; however, lower frequencies would not have the acoustic back scatter resolution to capture the fine-sized sediment particles typically found in the lower reaches of the Trinity River and may potentially underestimate suspended-sediment concentra tion over a larger range of suspended-sediment concentrations.
Continuous Suspended-Sediment Concentrations
Corrected acoustic backscatter and computed discharge data collected from May 16, 2014, through December 31, 2015, were used as input in the regression model to estimate suspended-sediment concentrations at the Wallisville site at 15-minute intervals. Approximately 11 percent of the data used to estimate suspended-sediment concentration were outside the calibration range of the model; thus, these concen trations were extrapolated to obtain estimates of suspendedsediment concentrations for the entire study period. Distance from left bank, in feet A 90-percent prediction interval was calculated for every obtained from student's t distribution observation to evaluate the uncertainty of regression-computed tables) for a 90-percent prediction interval suspended-sediment concentrations. The 90-percent prediction α = 0.10; and interval represents a range of values within which there is a s is the RMSE of the regression. 90-percent certainty that the true suspended-sediment con centration value occurs (Rasmussen and others, 2009 
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similar pattern between suspended-sediment concentration and where discharge ( fig. 11 ). Suspended-sediment concentrations varied in response to changes in discharge, with peak suspended-
is the regression-estimated value, at a single sediment concentration occurring 1-2 days before the peak set of values of the predictors; discharge for that event. Suspended-sediment concentrations t is the value of the student's t distribution also showed hysteresis, meaning that suspended-sediment having n-2 degrees of freedom (n is concentrations on the rising limb of the hydrograph were the number of observations) with the higher than suspended-sediment concentrations at identical exceedance probability of α/2 (alpha value discharge on the falling limb. Because of the hysteresis in Date Figure 11 . Suspended-sediment concentrations estimated by using a regression model developed for the Trinity River at U.S. Geological Survey streamflow-gaging station 08067252 Trinity River at Wallisville, Texas, January-December 2015.
Daily mean discharge, in cubic feet per second suspended-sediment concentrations, discharge as the single predictor of suspended-sediment concentration would have overestimated values on the falling limb of the hydrograph. During this study, estimated suspended-sediment concen tration ranged from 2 to 701 mg/L, with a mean of 97 mg/L. The highest suspended-sediment concentrations were observed during the March 2015 event, which is the first event during this study with a large peak discharge similar in magnitude to the maximum discharge measured during the study period at the Wallisville site.
Suspended-Sediment Loads
Suspended-sediment loads (SSL) were computed from the suspended-sediment concentrations estimated by the regression equation and the corresponding streamflow. Instantaneous sediment load was computed by using the following equation:
where SSL i is the computed instantaneous suspendedsediment load, in tons per 15 minutes, SSC i is the computed instantaneous suspendedsediment concentration, in milligrams per liter, Q is the streamflow for the ith value, in cubic feet per second, and c is a constant, 0.000028, to convert the units to tons per 15 minutes (Porterfield, 1972) .
The resulting 15-minute estimates for a day were summed to determine the total daily SSL. The monthly SSL was computed by summing each daily SSL for that month. Because the estimated suspended-sediment concentrations computed from the regression equation contained error com ponents as indicated by the RMSE and MAPE calculations between estimated and measured concentrations, the computed load estimates are inferred to also include errors. The estimated minimum monthly SSL was 100 tons in October 2014, and the maximum monthly load was 441,000 tons in November 2015 ( fig. 12 ). The total SSL at the Wallisville site during the study was approximately 2,200,000 tons, with approximately 96 percent of this load measured during the seven high-flow events in 2015 (table 6). High-flow event 5 contributed the largest SSL, approximately 27 percent of the total load measured (table 6 ). This event started in May 2015 and ended in August 2015, making it the longest duration high-flow event during this study. The water volume measured at the Wallisville site during high-flow events is a percentage of the volume measured at the Goodrich, Romayor, and Liberty sites; thus, the total SSL measured in the main channel of the Trinity River is consid ered to be a part of the total SSL transported from the Trinity River watershed into Galveston Bay. The remaining volume and SSL are believed to be diverted into adjacent wetlands and channels in the delta, which may be most of the SSLs dur ing some high-flow events. The effect of these wetlands, in particular the Old River system, on the delivery of suspended sediment into Galveston Bay is not well understood; a decrease in water velocity caused by increasing vegetation and channel area could promote deposition of suspended-sediment particles, altering the quantity of SSLs and size distribution of suspended-sediment particles, and an unknown amount of the diverted SSL could be transported to Galveston Bay. Further study is needed to determine if the SSLs decrease and if the size distribution of suspended-sediment particles shifts as the Trinity River traverses the wetlands of the Old River System before emptying into Galveston Bay.
Characterization of Water-Quality Conditions
Water-quality samples and field properties were collected at the Wallisville site concurrently with suspended-sediment samples over the range of flows shown in figure 6. Field properties include dissolved oxygen concentration, pH, spe cific conductance, water temperature, and turbidity that were measured onsite during each sampling event of this study. Summary statistics for field properties at the Wallisville site are provided (table 7) .
Field Properties
Dissolved oxygen concentration ranged from 4.3 to 13.4 mg/L and followed a seasonal pattern of higher concen trations during winter and spring and lower concentrations during summer and fall. Measured pH ranged from 7.1 to 8.2 and generally decreased when discharge was higher. Similar to pH, specific conductance also decreased during higher flows, which is to be expected in watersheds where increased runoff dilutes the concentrations of ions. Specific conductance ranged from 276 microsiemens per centimeter at 25 degrees Celsius (µS/cm at 25 °C) to 433 µS/cm at 25 °C, a considerably low range for a site affected by tides (Miller, 1962) ; however, a lock and dam saltwater barrier operated by the U.S. Army Corp of Engineers approximately 2 river miles downstream from the Wallisville site prevents saltwater from entering the Trinity River by opening and closing gates, depending on tides and river flows. Turbidity ranged from 2.7 to 133 Formazin Nephelometric Units and increased with discharge, which is typical when larger amounts of suspended sediment are being transported during higher flows (table 7) .
Nutrients
Water-quality samples were analyzed for ammonia, nitrate plus nitrite, nitrite, total nitrogen, orthophosphate, and total phosphorus. Summary statistics for nutrient samples col lected at the Wallisville site are shown in table 8. As explained in the "Analytical Methods" section of this report, concentra tions of total nitrogen are considered estimates because of potential method bias..
Concentrations of total nitrogen and total phosphorus in samples collected at the Wallisville site during May 2014-December 2015 were plotted as separate time series (figs. 13A and 13B) to evaluate variability of nutrient concentrations resulting from seasonality and changes in discharge ( fig. 13C ). Total nitrogen and total phosphorus concentrations fluctuated in a similar manner. During periods of low flow during JuneDecember 2014 ( fig. 13C ), when tidal influences controlled discharge in the lower Trinity River, the mean total nitrogen concentrations and total phosphorus concentrations were 0.66 and 0.092 mg/L, respectively. A small peak in total nitrogen and total phosphorus concentrations is observed during September-October 2014 (figs. 13A and 13B), possibly the result of localized runoff and agricultural activities (fall fertil ization of crops, rice field flooding). The highest nutrient concentrations are observed dur ing periods of high flow corresponding to releases from Lake Livingston. For samples collected during the seven high-flow events in 2015 (table 3) , when releases from Lake Livingston composed most of the discharge in the lower Trinity River, mean total nitrogen and total phosphorus concentrations were 1.15 mg/L and 0.165 mg/L, respectively, which are approximately 75 percent higher than the mean concentrations measured during periods of low flow. Increases in nutrient concentrations with flow may be caused by (1) transportation of water with high nutrient concentrations from Lake Livings ton and the upper Trinity River watershed and (2) mobilization of nutrients stored in the lower Trinity River channel and flood plain during periods of high flow. The small contribution of overland runoff to stream discharge indicates overland runoff within the lower Trinity River watershed is not respon sible for increases observed in nutrient concentrations. The high concentrations of nutrients delivered to the Wallisville site because of increased discharge from these releases also overshadow the influence of seasonal effects in nutrient vari ability at the Wallisville site; as a result, nutrient delivery to Galveston Bay from the main channel of the Trinity River likely is controlled primarily by high-flow releases from Lake Livingston.
To determine the effect of streamflow variability on the relative amounts of ammonia, nitrate, nitrite, and organic nitrogen at the Wallisville site, the percentage of the composi tion of each form of nitrogen was computed for each sample. Censored values for ammonia, nitrate, and nitrite were sub stituted by using one-half the method reporting limit (Helsel and Hirsch, 2002) . Maximum likelihood and robust methods are recommended over simple substitution for censored values (Helsel and Hirsch, 2002; Helsel, 2012) ; however, the cho sen substitution method was used because censored results represent a relatively small percentage (less than 1 percent for ammonia and nitrite and less than 5 percent for nitrate) of the total nitrogen in each sample and do not appreciably affect the overall proportion of each form of nitrogen.
For most samples collected at the Wallisville site, organic nitrogen was the predominant form of nitrogen, ranging from approximately 44 to 96 percent ( fig. 14) . Land cover in the lower Trinity River watershed is predominantly forest and wetlands, indicating that natural inputs are likely the main source of organic nitrogen (and total nitrogen) during low-flow conditions. When discharge increases as a result of releases from Lake Livingston, the concentration of organic nitrogen typically decreased and the concentration of nitrate increased. This shift in nitrogen composition may be the result of a change in the source of nitrogen inputs to the lower Trinity River, from natural inputs derived from wetlands and forested areas to nitrogen from fertilizers carried in runoff in the upper Trinity River watershed. Releases from Lake Livingston are typically triggered by rainfall in the upper Trinity River watershed, where approximately half of the land cover is categorized as developed or agricultural (Homer and others, 2015) . Runoff in the upper Trinity River watershed likely car ries nitrate from fertilizers that flow into Lake Livingston and are transported into the lower Trinity River watershed during releases. Because organic nitrogen and nitrate are the predomi nant forms of nitrogen in the Trinity River, the proportion of ammonia and nitrite was low, ranging from 0.4 to 9 percent and 0.1 to 5 percent, respectively.
Releases from Lake Livingston also appear to influence the composition of phosphorus being transported in the lower Trinity River. Dissolved phosphorus (predominantly ortho phosphate) interacts with sediment particles through adsorp tion, often causing a proportional increase in particulate phos phorus concentrations with increasing suspended-sediment concentrations (Sharpley and others, 1981, House and others, 1998) . This pattern is observed at the Wallisville site ( fig. 15 ), potentially as a result of sediment suspended within releases of water from Lake Livingston and mobilization during periods of high flow of previously deposited sediment particles from the river channel and flood plain (Dorioz, 1995; Withers and Jarvie, 2008) . Orthophosphate concentrations do not appear to vary considerably with suspended-sediment concentrations or discharge; however, the difference between orthophosphate concentrations and total phosphorous concentrations increased as suspended-sediment concentrations increased, indicating that the variability of phosphorus concentrations is a result of an increase in particulate phosphorus and not of orthophos phate. Consequently, the predominant source of phosphorous to Galveston Bay from the Trinity River was in particulate form tied closely to suspended-sediment concentrations.
The changes in nutrient concentration and composition during this study, caused by high flow from Lake Livingston releases, indicate that the reservoir likely plays an important role in the delivery of nutrients into Galveston Bay. However, the role of Lake Livingston in the transforming and trapping of nutrients and sediment and the extent of nutrient and sediment mobilization in the lower Trinity River, triggered by releases, are not well understood. Further study is needed to better understand the processes driven by Lake Livingston that could be influencing the characteristics of nutrients and sediments in inflows to Galveston Bay. Additionally, because phosphorous concentrations were correlated with suspended-sediment concentrations (R 2 value of 0.75) and because the relative amounts of phosphorous and some nitrogen forms (organic nitrogen and nitrate) varied with discharge, the diversion of water and suspended sediment into surrounding wetlands and channels outside of the main channel of the Trinity River may play a large role in the regulation of nutrient inputs into Galveston Bay. Measured discharge, in cubic feet per second 
EXPLANATION
Summary
The U.S. Geological Survey (USGS), in cooperation with the Texas Water Development Board and the Galveston Bay Estuary Program, collected streamflow and water-quality data at USGS streamflow-gaging stations in the lower Trinity River watershed from May 2014 to December 2015 to characterize and improve the current understanding of the quantity and quality of freshwater inflows entering Galveston Bay from the Trinity River. Continuous streamflow records at four USGS streamflow-gaging stations were compared to assess changes in streamflow magnitude and to quantify discrepancies in streamflow between upstream and downstream reaches of the Trinity River separated by Lake Livingston, and waterquality conditions were characterized from discrete nutrient and sediment samples collected over a range of hydrologic conditions at USGS streamflow-gaging station 08067252 Trinity River at Wallisville, Tex. (hereinafter referred to as "the Wallisville site").
During May 2014-December 2015, 08066250 Trinity River near Goodrich, Tex. (hereinafter referred to as "the Goodrich site"), 08066500 Trinity River at Romayor, Tex. (hereinafter referred to as "the Romayor site"), 08067000 Trinity River at Liberty, Tex. (hereinafter referred to as "the Liberty site"), and at the Wallisville site followed a similar streamflow pattern in which computed discharge was of com parable magnitude; however, during events in which discharge exceeded approximately 14,000 cubic feet per second at the Goodrich, Romayor, and Liberty sites, only part of the volume was measured at the Wallisville site. During this study, only about 54 percent of the total volume released from Lake Liv ingston was accounted for at the Wallisville site. Additionally, discharge at the Wallisville site increased and decreased at the same rate as upstream stations but at a lower magnitude. This difference in water volume and discharge between upstream sites and the Wallisville site indicates that, at high flows, a large part of the volume released from Lake Livingston did not reach Galveston Bay through the main channel of the Trinity River. It is likely that water flowed into wetlands and water bodies surrounding the main channel of the Trinity River before reaching the Wallisville site and was stored or discharged through channels in the Old River system that flow directly into Galveston Bay.
To characterize suspended-sediment concentrations and loads in Trinity River inflows to Galveston Bay, a regression model was developed to estimate suspended-sediment concen trations using acoustic data as a surrogate. The selected regres sion was based on the combination of water and sediment corrected backscatter and discharge. Suspended-sediment concentrations varied in response to changes in discharge, where peak suspended-sediment concentrations occurred 1 to 2 days before the peak discharge for that event. Suspendedsediment concentrations also showed hysteresis, meaning that suspended-sediment concentrations on the rising limb of the hydrograph were higher than suspended-sediment concentra tions at identical discharge on the falling limb.
Because the water volume measured at the Wallisville site during high-flow events is a percentage of the volume measured at the Goodrich, Romayor, and Liberty sites, the total suspended-sediment load measured at the Wallisville site was considered to be a percentage of the total suspendedsediment load transported from the Trinity River watershed into Galveston Bay. The remaining volume and suspendedsediment load may be diverted into adjacent wetlands and channels in the delta, which may be the majority of the suspended-sediment loads during some high-flow events, and an unknown amount of this diverted load could be transported to Galveston Bay.
Results from nutrient samples collected at the Wallisville site indicated that total nitrogen and total phosphorus concen trations fluctuated at a similar rate, with the highest nutrient concentrations occurring during periods of high flows corre sponding to releases from Lake Livingston. The mean concen trations of total nitrogen and total phosphorus were approxi mately 75 percent higher during high flow releases than during periods of low flow, overshadowing the influence of seasonal effects in nutrient variability at the Wallisville site; as a result, nutrient delivery to Galveston Bay from the main channel of the Trinity River likely is controlled primarily by high flow releases from Lake Livingston from transportation of water with high nutrient concentrations from Lake Livingston and the upper Trinity River watershed and mobilization of nutrients stored in the lower Trinity River channel and flood plain.
Increases in streamflow also appeared to influence the composition of nitrogen and phosphorus constituents. For most samples collected at the Wallisville site, organic nitro gen was the predominant form of nitrogen; however, when discharge increased because of releases from Lake Livingston, the percentage of organic nitrogen typically decreased and the percentage of nitrate increased. This shift in nitrogen com position was attributed to a change in the source of nitrogen, from natural inputs derived from wetlands and forested areas to nitrogen from fertilizers carried in runoff from the upper Trinity River watershed. The concentrations of total phospho rus also increased during high-flow events, likely because of suspended-sediment concentrations within Lake Livingston releases and mobilization of sediment particles in the river channel and flood plain during these periods of high flow. The increase of total phosphorous concentrations with suspendedsediment concentrations, while orthophosphate concentrations remained constant, indicated that the variability of phosphorus concentrations was a result of an increase in particulate phos phorus. Consequently, the predominant source of phosphorous to Galveston Bay from the Trinity River was in particulate form tied closely to suspended-sediment concentrations.
The changes in nutrient concentration and composi tion caused by releases from Lake Livingston during this study indicated that the reservoir plays an important role in the delivery of nutrients into Galveston Bay, but further study is needed to better understand the processes in Lake Livingston that influence the characteristics of nutrients and sediments in inflows to Galveston Bay. Because phosphorous concentrations were correlated with suspended-sediment concentrations (coefficient of determination [R 2 ] value of 0.75) and because the relative amounts of nutrients responded to changes in discharge, the diversion of water and suspended sediment into surrounding wetlands and channels outside of the main channel of the Trinity River may play a large role in the regulation of nutrient inputs into Galveston Bay. 
Physical Sampling Equipment and Sampling Details
Suspended-sediment samples are collected bimonthly during the first year of model development and monthly dur ing the second year of model calibration. After model calibra tion, samples are collected at least quarterly during low-flow conditions. During high-flow events, samples are collected at a higher frequency depending on the duration of the event. Samples are collected within each of five vertical sections in a cross section. The location of each vertical section is detervelocities exceed 1.5 feet per second (ft/s), the cross section is divided using the equal discharge increment method, and samples are collected using a US DH-2 sampler. When water velocities are below 1.5 ft/s, grab samples are collected along the cross section using a weighted bottle sampler. Samples are analyzed for suspended-sediment concentrations (SSC) in the USGS Kentucky Water Science Center Sediment Laboratory.
Surrogate Equipment and Setup Details
A 1.5-megahertz (MHz) SonTek Argonaut-Side-Looker (SL) Acoustic Doppler velocity meter (ADVM) is installed at the site to compute discharge in cubic feet per second and obtain sediment backscatter data (table 1-1). The ADVM is bolted to a Cupronickel 2-inch diameter pipe that is pinned in place to a steel bracket welded onto the stream bulkhead on the right bank of the river. The Acoustic Doppler beams are horizontal and perpendicular to flow. The gage house, contain ing a battery, solar panel, Data Collection Platform, and regu lator, is located on the right bank, approximately 10 feet from the ADVM. The ADVM configuration settings are provided (table 1-2).
Model Calibration Dataset
All data were collected using USGS protocols and are available on the USGS National Water Information System (NWIS) database (U.S. Geological Survey, 2016). The dataset used to develop the regression model consisted of 35 measure ments of SSC (equal discharge increment and grab samples) and ADVM data collected from May 16, 2014, to December 9, 2016. Two samples were excluded because of missing acoustic backscatter data. Two samples were removed based on outlier diagnostic indicators and further evaluation of the data. From the 35 samples, 31 were used in the model calibration dataset.
The 31 samples were collected over the range of continu ously observed streamflow conditions as shown in the duration curves below. The duration curves were developed for streamflow and sediment corrected backscatter () data collected in May 2014-December 2015 ( fig. 1-1) . Summary statistics for SSC data used in the model calibration dataset are provided mined based on discharge and water velocity. When water (table 1-3). Frequency of exceedance, in percent Suspended-sediment particles smaller than 0.0625 millimeter (mm) were measured for 27 samples and ranged from 37 to 100 percent, with a median of 85.5. The percentage of fine-sized particles decreased as discharge increased. Full-size analysis was also performed for six samples between April 3, 2015, and June 10, 2015 (table 4) . For these samples, the fraction of sediment particles smaller than fine sand (smaller than 0.25 mm) ranged from 96 to 100 percent.
Model Development
Suspended-sediment concentrations at the site are computed from a calibrated regression model between streamflow, SSCs, and continuously measured surrogates. The model was developed by the evaluation of mean sediment corrected backscatter ( ), sediment attenuation coefficient (SAC), and streamflow as explanatory variables for SSC.
By using the Surrogate Analysis and Index Developer (SAID) tool (version 1.0), SCB was calculated from measured backscatter following the methods described in Landers and others (2016) . The processing settings used in the SAID tool are shown (table 1-4).
The SAID tool was also used to develop an ordinary least squares linear regression analysis, which examined streamflow, SAC, and SCB as explanatory variables for estimating SSC. Combinations of these three variables were evaluated to determine the best explanatory variables for SSC. A multiple linear regression model with a combination of streamflow and SCB as explanatory variables was determined to be the best model based on adjusted coefficient of determination (R 2 a ), significance tests, model root mean square error, residual plots, and correlation of explanatory variables. All considered models were evaluated using these statistical measures and are included (table 1-5). Residual plots showing distribution of residuals through out the period of the calibration dataset and the range of predicted log transformed SSC concentrations and a normal quantile plot are provided ( fig. 1-2 ), along with a scatter plot of observed and computed SSC values ( fig. 1-3) . Model cali bration data, SSC predicted values, and selected statistics for individual observations are provided (table 1-8).
SCB
Suspended-Sediment Concentration Record
The continuous time-series SSC record is computed using the regression model from May 16, 2014 , through December 31, 2015 Data are computed at 15-minute intervals. The continuous SSC record at the Wallisville site from January to December 2015 is depicted in figure 1-4 . 
